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INTRODUCTION

The proceedings of the 1964 Army Science Conference is a
compilation of all papers presented at the conference. Its
Jurposes are to:

a. Provide a historical record of the conference

b. Provide source material for scientists engaged
in research

c. Enable conferenca participants to review papers
in which they have a special interest

The report congists of three volumes as follows:

Volume 1 Unclassified papers, principal
authors, A thru H

Volume II Unclassified papers, principal
authors, I thru 2

Volume III Classified papers, alphabetically
by principal authors

Three Invited Papers, which were presented at the Opening
General Session are grouped together at the beginning of
Volume {. These papers are essentially different in nature
ingsmuch as they were oriented toward the general scientific
and lay interests of a mixed audience, rather than reporting
on a specific research effort within a given discipline.

All experiments involving live animals which are reported
in the Proceedings were performed in accordance with the
principles of laboratory animal care as promulgated by the
National Society for Medical Reaearch

/at%fmw DICK, J!‘.

Lieutenant General GS

Chief of Research and Development
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IKRATH and SCHNE IDER

THE REALIZATION OF ACTIVE SEISMIC SYSTEMS
AND THEIR PRACTICAL APPL ICATIONS

KUR1 IKRATH and W. SCHNF IDER
U. S. ARMY ELECTRONILS ne>tARCH AND DEVELOPMENT LABOKATORIES
FORT MONMOUTH, NEW JERSEY

{NTRODUCT ION:

Steady-state ssismic waves could be used for seismic com-
munication if seismic transducers were available that would serve as
efficient transmitters and receivers. An approach has been made to
the development of efficieat transducers with an elastic analogue to
tuned radio transmitters. The latter use a quarter wave dipole an-
tenna as a resonant matching transformer between the drive system
and the radio propagation medium. Analogously, the seismic trans-
ducers described below have an artificial elastic transmission line
section that acts as a resonant matching transformer between the low
impedance of the electrodynamic speaker drive systems and the high
mechanical impedances of seismic propagation medlia.

DISCUSS ION:

Two transducers are shown in Figures 1 and 2. With respect to
Figure 1, flrst and second resonant vibration modes are about 80 end
260 cps, which roughly correspond to the one-quarter and three-quar-
ter wave resonances of the elastic transmission line. The exact op-
erating frequency that corresponds to the ground reasonance mode de=-
pends upon the mechanical impedance of the ground medium, In this
mode, the reactance part of the mechanical ground impedance is tuned
by the output reactance of the elastic transmission line section. The
detuning by different ground media, which is the load impedance for
the transducer, is usually less than 3 cps; to compensate for fre-
quency discrepancies that may arise when transmitter and receiver
are placed on diff :rent ground media, some of the transducers have
been equipped with a mechanical frequency trimmer, Iin the form of an
adjustable large compliance in series with the mass of the drive coil,

The transmitter performance characteristics of one 80-cps trang-
ducer are shown in Figure 3. The transducer piston and vertical
ground-surface displacement velocity of sand-gravel soil, and the
electrical input impedance, are plotted versus frequency for con-
stent drive power. The receiver performance characteristics of a

1
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transducer are shown in Figure 4, Here, the open-circuit voltage out-
ot s plotted versus frequency for a constant shake-table displace-
ment, and the practical voltage step-up ratio is given. The nominal
80 cps transducers can be operated continuously with 10 watts of

drive power, and Intermittently with up to 20 watts. The electrical
input impedance depends upon the ground medium and Is between 3 and 6
ohms. The drive system is electrodynamic, employing a permanent cera-
mic magnet. The static force versus deflec:ion characteristic of the
slotted steel tube which serves as the artificial elastic transmission
line transformer section has a slope of 105 newtons/meter. The slots
correspond to shunt capacitances and the mass of the slot sections
correspond to serial) inductances in the analogous electrical trans-
mission line,

Though differing In size and weight, the nominal 12-cps trans-
ducer, shown in Figure 2, is similar to that of Figure 1. Here, a
conventional 'ocomotive coil spring is used as the elastic transmis-
sion=line section. The necessary high Q and low frequency of this
transducer provide some difficulties for the drive circuit. Typical
performance data for this transducer for sand-gravel soil are: 0.6
and 3.3 mm/sec vertical and horizontal ground=-surface displacement
velocities, respectively, at a distance of | meter, at 12.5 cps, and
with 1 watt of drive power; input impedance 30.4 ohms (including 3.5
ohms de-c resistance) and 50- percent power bandwidth for constant
ground-surface displacemant, approximately + 0.02 cps.

The precise efficiency of the transducers is difficult to deter-
mine. The difference of the electrical input impedance on and off
the soil surface, which is in the order of 2 to 3 ohms, indicates
that the efficiency is of the order of 30 percent or more. A prac~
tical measure of the efficiency of the transducers is expressed by
the fnllowing experimental data: with 10 mw of transducer drive
power, an 80-cps seismic signal produced in the soll of the Hexagon
yard was received at a distance of 300 feet with a 2:1 signal-to-
noise amplitude ratio with the use of a ParJB-4 lock-in amplifier-
detector circuit to partly overcome the manmade seismic noise caused
by traffic and machinery around and in the laboratory. Similarly, in
the ice cover of Lake Waramough, Conn., which is approximately LO-cm
thick, 80 mw of transducer drive power produced a flexural wave re-
ceived at a distance of 300 feet with a transducer and an a-c milli-
voltmeter as 80 cps voltage with a 30-db signal-to-noise ratio.

The efficiency of the transmitter-transducer is ultimately de-
pendent on the elastic range of the seismic medium, Specifically,
local overstressing of the ground medium at the edges of the trans-
ducer piston reduces the radiation efficiency at high-drive-power
levels. On sandy soil, for example, a small amount of signal strength
is gained by increasing the drive-power level of the 80-cps trans-
ducers above 6 to 7 watts. These considerations, and the performance
characteristics of ground-resonant transducers, largely determine the
applications to which the transducers may be put in active seismic
systems.

In active systems, seismic waves are launched along the surface
and into the ground under the control of the system operator,
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Dependent upon the particular applications (communication, geologlical
exploration, and surveillance), the original characteristics of the
waves are used either to transmit informstion or their varistions dur-
ing propagation are used to yleld Information about properties of the
seismic medium and about natural or manmade boundary conditions of
the medium. Active seismic systems may be classified by the form and
function of signal paths between transmitter and receiver. The nar-
row bandwidth of the 80-cps transducers, for Instance, limits signal-
ling speeds to one or two bauds/sec. In all other cases, the conven=
tional methods of signal=carrier modulation are possible within the
given limits (including striking the transmitter-transducer).

On the surface of the weathered layer of the earth, the communi-
cation ranges are short. The amplitude of an 80=cps cw selismic sig-
nal recelved versus distance on a dirt road at the Earle Test Area,
N. J., is shown in Figure 5. The wiggles of the curve come from in-
terference between seismic-wave modes of different speeds., The sys-
tem used for this measurement consists of two transducers only, a
signal generator with audio amplifier, snd an a-c voltmeter with pre-
amplifier. The actual range |limitations are the elastic renge and
the noise, which in this case comes from the widedband transistor pre-
amplifier. When the trensmitter drive power was doubled from 6 to 12
watts, there was an Increase of only 25 percent in signal amplitude
at 500 feet. With a more sophisticated system, using a phase-detec-
tion system with a PardB=U lock-in smplifier as a receiver, a com-
munications renge of up to 0.3 miles, which ran partly through a
wooded ares, was bridged with & 4:1 signal-to-noise amplitude ratio
(Figure 6).

Since the power radiating from one transducer is limited by the
elastic range of the seismic medium, there is a definite need for
seismic-transmitter arrays and a means of controlling the direction
of the radiated wave. Preliminary tests with a two-transducer array
demonstrated that it was possible to make significant improvements in
the communication range along and through the weathered layer of the
earth. The propagation velocity of seismic signals in soll Is ex-
tremely low, and the frequency dispersion is large.

Three different methods with corresponding circuits were used to
measure the phase velocity end group velocity of seismic waves In
sand=gravel soil and in floating sheets of lake ice. Mesasurements
were made of the accumulated phase of received relative to trans-
mitted 80-cps cw seismic signals versus distance with radio and cable
feed forward systems in Figure 7a-b. The slope of the accumulated
phase~versus-distance curve of Figure 8 yields the wave-length and
phase velocity in the respective distacce region. The phase-velocity
trensition from 410- to 170-m/sec occurs 22 m from the transmitter,
at the same distance where the wiggle appears on the signal ampl itude~
versus-distance curve. Beyond 50 m distance, a high=-speed propaga-
tion mode of 433 m/sec phase velocity is resumed. Practically the
same values are measured with the standing-wave method in the respec-
tive distance region. The interference of a low-speed mode from one
transducer with a8 high=speed mode of the other transducer results in
the respective distance range in @ double-periodic standing wave
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(Figure 9). In the same way, the group velocities are measured by
recording time phase of the envelope of a modulated seismic wave re-
ceived at different distances from the tr. smitter or at different
distances between receivers., We used recordings of 80-cps signals,
100 percent modulated with 0.16 cps, received at distences up to 100m.
The mean group velocity on sand=gravel sol! was determined to be ap-
proximately 120 m/sec at BO cps.

8y the same methods and measurement systems, the attenuation and
phase velocity of 80~ and 260-cps flexural waves were determined in
the sheets of ice on Lake waramoug, Conn. and Lake Hopatcong, N. J.
The theoretical! unique dependence of the phase and group velocity of
flexural waves on the thickness of the floating ice sheets (1) was
verified experimentally with a high degree of numerical accuracy.
With the conventional values for the slestic properties of ''standard
ice' and water (1), the Ice thickness on Lake Waramough was 32 cm, as
derived by wavelength measurement, Elght deys later, it was found to
be 40 cm. The standing-wave method of measuring the flexural wave-
lengths at 80~ and 260-cps wes used at Lake Hopatcong. The experi-
mental wavelengths ratio was found to agree within 3 percent with the
theoretical ratio for the existing ice thickness of 50 cm.

The measurement of the propagation characteristics of seismic
wave in sand-gravel soll, in almost entirely wooded terrain, and in
lake ice supplied the necessary experience required for the applica-
tions and operation of specific active seismic systems for communi-
cations and surveiilance. The systems found to be most versatile and
useful are the seismic-electric feed forward and feedback systems.
The open~loop system (Figure 7a), with an external signal generator,
was used for phase-velocity measurements and for communication. The
radio signal can be used for communications purposes and will carry
one part of the Information, and the seismic signal will act as the
standard of coherence carrying the other part of the information re~
quired to decode the radio signal or vice versa, the radio signal cen
be used to supply the standard coherence for the detection of the
seismic signal. Since seismic signals 30 to 40 db below the micro-
seismic noise can be detectad with this system, it is applicable to
protected communications. Obviously, larger distances can be bridged
by burled seismic relays analogous to radio relay, and by directed
seismic wavebeams into ducting ground layers. In another application
of the open-loop system, changes of propagstion velocity of seismic
surface waves, produced by the loading of the ground-surfaces by ve-
hicles, are recorded as relative phase changes of the received signals.
Theorctical calculations show that changes of the ground-surface
boundary conditions manifest themselves as changes of attenuation and
velocity of selismic waves.

Figure 10 shows a recording of the phase change of the received
relstive to the transmitted seismic cw si_ nal caused by o car moving
very slowly on a 70-m portion of the transmission path., In like
manner, weather-produced changes of seismic-propagation character-
istics of sand-gravel soil have been recorded over severu! weeks at
the Earle Test Area. The Introduction of a switching circult which
when activated by the received seismic wave, turns the scismic trans-
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mitter-transducer off via redio, end upon interruption of the seismic
wave recaption turns the transmitter on again,leads to a seismic
multivibrator system, The resultant seismic signel is a pulse-modu-
lated single~frequency wave. Since the pulse duration depends In
part on the distance and propagation characteristics of the seismic
medium, it Is possible to derive the group velocity from measurements
of the pulse repetition rate at different distances. Natural or man-
made changes of the solsmic-propagation condition will bring about
corresponding changes of the pulse rates. The close=iocop system,
(Figure 7b) without sn external signal source, appears to be the most
practical for surveillance. Two operating conditions are possible.
With critical gain, a 50=- to i50~m seismic electric-loop system acts
as an extremaly sensitive seismic detector. With overcritical gain,
the system bacomes a seismic oscillator, the frequency of which is
within the limits set by the transducers dependent upon the propaga-
tion characteristics of the seismic-transmission path. Hence, Quasi-
static changes of the ground-surface boundary conditions (for instance
by & vehicle) are therefore recorded as changes of the frequency pro-
duced by mixing of the seismic-oscillator signal with a reference
signal of constant frequency. Figure |1 shows recordings of the beat-
frequency signal produced by a vehicle slowly moving in the selismic-
transmission path.

During these experiments, it was cbserved that ths beat-frequency
changed rather abruptly when the vehicle was sbout 60 m from the trans
witter and 30 m from the receiver. However, the exact initial frequ-
ency of the seismic osclillator is not re-established upon removal of
the vehicle from the seismic~propagation path. At present, it is
possible to speculate only concerning the cause of this residual per-
manent changs. Conceivably, it can be attributed to the permanent

change of the surface-wave path produced by.the tracks in the soft
soil,

CONCLUS IONS:

The experimental selismic transducers, together with the ancil-
lery devices and circuits described, proved valuable as measurement
instruments in the investigation of elastic~wave propagation in sand-
gravel soil and lake ice. Seismic communication at 80-cps carrier
and 2-cps bendwidth, over a distance of up to 0.5 km in soil-covered,
partially wooded terrain (Earle Test Area) was achieved with less
then b watts of 80-cps transducer drive power, employing a ParJB-4
lock=in smplifier. (It was found that a minimum of 10 rw of 80-cps
transducer drive power is necessary for the detection of the radiated
seismic signal at a distance of about 100 m on sand-gravel soil as in
the courtyard of the Hexagon Building and vicinity. This figure is &
mezsure of the efficiency of the transducers compared to other con-
ventional seismic-wave exciters and receivers. The transducer's
transmitter-conversion ratic, defined as vertical ground-surface dis-
placement velocity at 0.305 m from the edge of the transgucer piston,
per square root of the drive power, is .64 mm sec”!Watt~? and its
peak electrical Impedance is 6.2 ohms. The transducer's receliver-
conversion ratio is 0,1 to 0.15 open=circuit volts/mm/sec ground-
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surface displacement velocity. (n practice, the transducer output
voltage is stepped up from 6 to 16 times, with a transformer to
match the transducer Impedance to the input impedances of conven-
tional transistor preamplifiers and a=c millivoltmeters. Several
systems involving these transducers as seismic-wave transmitters and
receivers have been designed and tested in the fleld., A continuous
seismicewave phase-distance graph was recorded with one of these
systems, From this graph, the seismic-wave phase velocities of the
various propagetion modes were derived. A selsmic stending-wave
messurement system was designed and tested. The phase velocities of
the seismic waves derived from the standing waveeversus=-distance
graph were found to be in agreement with those derived from the sig-
nal-versus-distance attenustion curve (1) which were predicted theo-
retically, and the velocity (mode) transition occurred at the same
distance from the seismic transmitter.

Group=velocity measurements were made by measuring the phase of
the envelope of a 100-percent modulated 80-cps seismic signal (modu-
lated with 0.16 cps) as @ function of distance between receivers.

Pulse=-signalling systems were tried, and it was found that the strati-

fication of the ground produces ripples in the top of the pulses.
Recordings of amplitude and phase of seismic signals wers made on a
cont inuous basis to investigate the effects of weather on the elas~
tic-wave propagation cheracteristics of the weathered layer of the
earth. Ground-surface loading sxperiments were conducted, and cor-
responding changes of the seismic-wave propagation conditions were
recorded in various ways, with active seismic systems having open-
and closed-feedback=100p circuits. The propagation characteristics
of flexural waves in thin lake ice were investigated, using sctive
seismic systems. The applied steady-state mesasurement methods and
techiiques ylelded data that are in close agresment with theory, and
with data derived by other Investigators from conventional dynamite
blast-excited wave recordings.

REFERENCE:
(1) ELASTIC WAVES in LAYERED MEDIA, Ewing, Jardetzky and Press,
(McGraw=Hill 1957) pp 298 and 305.
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SURGE WAVES IN AUTOMATIC WEAPONS
EDWIN H, JAKUBOWSKI - HEMRY P. SWIESKOWSKI

U.S. ARMY WEAPCNS COMMAND
SPRINGFIELD ARMORY
SPRINGFIELD, MASS.

OBJECTIVE:
To mininise the dynamic stresses and incresse the service
1ife of automatic weapon driving springs.

CONCLUSIONS :
l. The propagation velocity, c, associated with the Wave

Equation is inversely proportional to the spring index, D, i.e.,
c » 8,,000 d in/sec. d
D

2. A graphical solution of the Wave Equation shows that a
compression time-to-surge time ratio, T,/T = 2, csuses the dynsmic
stresses to be equal to the static stresses. Since this ratic is a
function of the spring dimensions, proper selection of d, D, and M
can minimige the dynamic stresses.

3. A 10-cell finite difference representation of the Wave
Equation providas adequate analog computer solutious.

4. The equations of motion of a distributed mass systes and
the finite difference equations are idemtical.

S. The analog computsr can be used to solve realistic
automatic weapon surge wave problems by extending the prograa to
include preload, friction, buffer devices, locking forces and impulse
dus to exploding ammmition,

6. The analog computer may be utilized to evaluate the

dasping forces in single and multistrand wire springs, thereby
providing design parsmeters to minimize the dynamic stresses.
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d cecsssccesesccscssescesiirze diameter

D cesevncsccssccssccescocoan Coil Diameter

Hg s N * d css0eeavccsccscNominal solid height of spring

X, X4, Xp» U, Un ceesccocDisplacement, locativa
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P, ¥ ceecececcecscecscascload or force on lpri.ng

sececccscecrcsosnsccescclioad-datlection rate, spring stiffness

essecsscessscesssscensscStiffness/umit length of opr:lng

sseeseacsscssecsssccesccdass of spring

u........-............Hlulmi.t l.ﬂsth

ssceessncescnsecacssccoSpacific waight of spring wire

sesesecsceccsccscsssccileight of spring

seescessssssscnseccaseoModulus of torsion for lpri.ng steel

eesesessensesecscsccnceSLrRSS

o8 eesccsesecsssnrssscessChange of stress
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T cecevcerecssscscccoscess Travel time of disturbance over

length of apring wire

‘rs esssesvscesssssesssescDuration of compression stroke

V eesecccescoccveccssanescVelocity

€ ececcncescscocncecscesscPrOpagation velocity

g essssecssccccnssssesrsslravitational constant

D/d ..m.............n..Spting index
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The driving spring is one of the primary components in an
sutomatic weapon system., A well designed driving spring will insure
proper wespon function over axtended sndurance life. Although
manufacturing processes such as shot peening, cold-getting, sand
strese reliaving have extendad the life of eprings, premature fail-
ures still occur.

It has been observed (Figure 1) that when an iwpact is
imparted to & spring, the load is not distributed uniformly through-
out the length of the spring and that some coils tend to oscillate.
Furthermore, the stresses between adjacent coils are higher than
those predicted by static comsiderations. VWhen a repetitive load
is applied, the clashing of coils, which cause the rate of the spring
to change, can be observed., These observad changes indicate that s
disturbance at the loaded end of the spring is propagated through the
spring wire, Taerefore, if a driving spring is to be properly
designed, the propagation of the surgs weave must be taken into con-
sideration.

It has been found that springs fabricated from stranded wire
are superior to those fabricated from single wire in both endurance
and fatigue, As these springs are cowpressed, the pressure betweea
adjacent strands is increased, thereby creating a damping device.
Consequently, the amplitude of the surge wave is attenuated.

SPRING RELATIONSHIPS:
The basic formulae used for the desigm of helical round wire
springs are:

- . - _p_ bvad G 'S d ® emmm @ s v s e s
Lcad-dsflection rate: K= X - B "D )

N
Stress-deflection rate: %: % . %‘ . _"3 et a2
Load-Strass rate: '%: % . %‘ . 3
Solid height: Hes Neod =+ v . n

Stranded wire springs react essentially the same as single
wire springs, i.e., the spring coils are subjected to a twisting
moment upon compression., This twisting moment requires that the
spring helix be of opposite direction to the stand helix (Figure 2),
In this case the twisting moment tends to cause the individual
strands to 'wind up'" and tighten the stramds, This tightening
incresser the friction between strands and introduces a dsmping
which is beneficial in dynamic applicatioms.
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The basic formulas for design of stranded wire springs are
proporticnal to those used for single wire. The load-deflection rate
of a stranded wire spring is determined by summing the rates of the
individual single wires; wvhereas the stress-deflection rate is
obtained by the given formula for an individual wire diameter. This
indicates that the bshavior of & stranded wire spring is similar to
& number of single wive sprimgs acting in parallel,

The impact at the free end of & epring will cause any point
on the spring to vidrate back and forth about its original positiomn,
The displicement of the moving end coil is not equally distributed
smong all ths coils; consequently the stresses are not equal., Since
8 spring is nothing more than a pilece of straight wire wound into a
helix, it is expected that the motion of a point on a spring would be
sinilar to the motion of & cross-sectional area of a rod. The general

equation of motion, a%tu . 2w
d T ¢ 2 x2 s

dascribes many physical systems and is known as the Wave Equation,

When & spring is compressed by a force parallel to its
length, there exists & longitudinal cowpression and a lateral
expansion. In the case of a short spring, the lateral and longitu-
dinal motions of a point will be of the sams order of magnitude,
Therefore, this lateral motion cannot be neglected without serious
rick of error. When the length to diameter ratio of a spring is
large, the lateral motion is small relative to the longitudinal
motion, Therefore, the inertial effect of the lateral motion may be
neglected without introducing serious error.

If the distances to two points, A and B, on an uncompressed
spring are x andx+dx (Figure 3), any compressive force viu cause
point A to move & distance u and to occupy & new position '

Point B will also move to a new position B' which is X* dx+u+?5d)a
from the reference line. The diophcmut due to ehe compressiv
force of points A and B is u amd wu+ 22dx | respectively.
Therefore, the relative displacement 1s°* 23U gx wnere 24

is the unit elongation, X 3

The force at any point may then ba given by F =k

Wlﬂl X
X|s

L
~

LA
——

The force/unit length is sF — x
o xX&

v

hence the difference in forca across the slement is oF =~ k ?f-;(-*,_ dx

%
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The inertial force of the elementdx is ™ l—i d X end by

d'Alembert‘s principle
du -k Fu
2t T A 3 X ) 6

The dimensions of k and m are M 2 t~2 and ™ a~' respectively;
therefors, Vk/n has the dimensions of velocity, Since "¢" of Equa-
tion 3 1is defined as the propsgation velocity of a disturbance,

wm is then the propagation velocity of a surge wave in a spring.
In tcm of load-deflection rate and weight of the entire spring

ca:.!"__:'_‘_l-_g e e e e e i e e s e
m w

By letting the spring lengthiL=TND sud spring weight w = W LY
and substituting Equation linto Equation 7, the propagstion velocity
is obtained in terms of spring index
-
- o avr
Using the usual values for 4, r, and &
results in the following approximate forwula

ca 88,600 d in/sec. R 3
D

Theref re, the propagation velocity of the surge wave 1s
a function of spring imdex, D.
d

When the ¢ynamic wmotion in & spring is considered, the tims,
T, for a disturbance to travel the eatire length of the spring wire,
L, 1s defined as the surgs time

=VE T A (@)

Hera the surge time, T, is given az a fuction of the basic
spring dimensions. The surge time increases with spring index and
{s much greater for smaller springs then for leagthy ones,

GRAPHICAL SOLUTTOM:

The utility of the derived relationship is demonstrated by
considering two illustrated examples. In esch case the spring 1s
suddenly compressed fom its free height to a displacement of two
inches by a mass moving with a constant velocity of 400 in/sec. The
springs cousidered are defined by the following paramsters:

ws i veilm

K

d .100 1n .089 in

D .840 in «840 in

N 8 8.93

Hg 4 in 4 1n
19
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10,530 4a/3s5 $,430 in/fuec
T 2 meec. 2.3 msec.

The propagation of the surzge wave is illustrated in
Figure 4. The status of Spring A is studiud for the times

te 0. 2. k. 5. 6' and 6.5 ngec.

At ta 0
Ths first ccll is given an impact and it starts to wove at
a velocity of 400 in/sec and all colls have loads and stresses equal
to sero., 8ince it vequires 2 msec. for the surge weve to travel the
eatire lemgth of spring wire, succesiive coils start to move with a
velocity of 400 in/sec at .25 meec. intervals.

All the coils ars moving at 400 in/sec and the surge wave
arrives at the anchored end of the spring. This surge wave is re-
flected at the boundary, and the sign of ths propagated velocity is
changed. then the surge wave arrivaes at each coil at .25 msec.
intervals, the propagated velocity is equal and opposits to that
of the coil; therefore, the resultsat coil velocity is szero.

1C o
The surge wave is reflecied a second time again causing &
change in the sign of the velocity. 8ince all ccils are motionless,
the velocity is imparted to successiva coils at .25 msec. intervals.

The first coil is abruptly halted. This sction causes a
second surge wave to be propagated. S3Since the relative velocity
change 1is -400 in/sec, the second disturbance propagices s nsgative
velocitcy.

At t «+ 6 mgec,
The firet surge wava is reflected a third time,

- 6
The first and the second surge wvaves arrive sin__.ansously
at coil #7, Since both surge waves are negative and the coil 1is
moving with a positive velocity, the resultant velocity of coil #7
is =400 in/sec, The othar coils are influenced by the propagated
surge waves At such times as the waves require to travel the distance
betwesn successive coils.

At other times

Since friction was not considered, the magnitude of the
propagated surga waves vill ressin constant and the spring coils will
continue to oscillate as dictatad by the propagation velocity.
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From Equation 3, the change in the stress is
as=2 B ae
This ralationship shows that, for each 0.1 inch chimge in relative
displzcemsnt of adjacent coils, the changs in the stress is

AS, = 52,200 LB/IN

For a comparison, the values of corresponding static stresses
are also found, Since the free end is displaced cune-half {ts
mazimus stroke, the compression of each coil is one-half of the
original displacement. For Spring A, each coil having a rate of
244 lbs/in will be displaced .25 inch; therefore, the static stress

is s:- 130,500 LB/1n?

Quantitative analyses of the coil displacements (Figure &)
show that a pesk stress is

A S=208,800 LB/IN?

Furthermore, the dynamic stress in the middiz coils is 20 per cent
higher and that of the end coils 1is 60 per cent higher than the
corresponding stresses in the static case.

Considering Spring B (Figure 5), the time for the disturbance
to travel the entire length of the spring is 2.5 msec. and the
reflected surge wave will arrive at the first coil after 5 mse:,
Since this is also the same time at which the first coil is halted,
the resultant propagated velocity is serc.

These dynamic coil displacements are identical to those
obtained by static compression of Spring B. Therefors, ths stresses
are equal snd the dynsmic stresses are ainimized,

If the compression time is defined as Tg, it can be seen
(Spring B) that for a ratlo

S -
'?,-"‘2:

the dynamic stresses equal the static stresses. Therefore, in the
design of driving springs, the Tg/T ratio msy be optimised by the
proper selection cof 4, D, and N.

ANALOG H

The graphical solution provides a good vapid approach to the
dasign of driving springs, but occasions exist when the 1llustrated
method is ineffective. Failure is attributed to the fact that the
ramp function is not typical of the displacement of the spring end
in an operating sutomatic wespon. A triangular or a fully rectified
sine wave function would be more representative. Even so, these
functions do not include the recoiling mass at the free end and the
force applied by an exploding round of assmmition. When the mass

and the applied force are considered, neither the graphical nor

analytic solutions of tha Wave Equation can be readily obtained
21
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without tedious time=-consuming computation. Therefor=, it is
expedient to utilize an analog computer.

Because an analog computer is capable of solving ordinmary
differential equations, finite differences ar- utilized to tragsform
the Wave Equation into a system of total differential equations.

The Wave Equation, being a function of time ind displacement, {i.a.
U( x,t), 1is transformed by obtaining solutions for the variable U at
certsin predetermined distan:es, x4, by dividing the langth into "u"
cells (Figure 6).

Since 32 x
dougmten n ulogo at avy midpoint, then fiom Pigure 6

____‘ , = Y - Uy
X In-§ = A X

When the slopes of cousecutive midnoints are known, the second
derivatives way be obuinad u

%_—‘n = A% \ax L\-vi- g%,n-*}

- UYnai =~ 20Un + An-y
- A X2
The Wave Equati:ca may then be represented by (n-1)
difference equations:

T
-a UV\ —Hz&uh—\-zuh‘\v-uh*.‘)

WHERE Nn=1,2,3: -+ ..nNn=-\

For ¢he Jave Equation representing a spring anchored on one end and
free on the ocher the boundary conditions are
L. u= o AT X =0
L %%E: © AT x=u
Wien the spring is divided into eight equal increments, the
seven difference equaticas are
W, = %‘}—E( 2U, + Uz )
n(w-2ue +uy)

Ue =

Uy = ?_—‘;"'—,}‘-‘(L«‘.-zu-;-» ua)

A spring heving a stiffness K and mass M msy be represented
as the distributed mass systam showm in Figure 7., If this spring is
divided into n equal parts, the mass and stiffness of sach element is

m,= 22 AN Kk =nk

The equation of motion of any mass element other than the
first may be written as

M XK (Xncigr=Xnei )+ Ki(Xnoi=Xn-l-1)® O

22
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The equation of motion for the first mass element is
mlx.\. - K. (- 2 X| - X:) '—'O

If ths spring is divided into eight equal parts, then the
(n-1) cqu‘l.ti.ona of motion become

X. =9_V1\:".$( ~—K|~xt)

',zz___c:-sc.(x.-zx-,,«-x,) Y

Kaq = é;‘t'.—(-(XG"Lx-"\'X‘)
Since M and K are msss and stiffness for the entire spring,
the mass/unit length and stiffness/unit length are, respectively,
m= —"Lﬂ_- AND =KL

Hence,

| S

M mL*
Comparison of the difference equations (Equation 10) with the
equations for the distributed mass system shows that the equations
are identical, Hence, it is concluded that the distributed mass
system 13 a finite difference representation of the Wave Equation.
This conclusion permits the analysis of a realistic weapon systea
where otherwige it might be difficult to impose precise boundary
conditions on the Wave Equation. Problems involving preloaded
springs, viscous and coulomb, buffer action, locking, and the appli-
cation of repetitive gas forces can now be readily solved,

The Wave Equation has been solved by the separation of
variables. Comparison of the normal mode frequencies shows that
although the finite diffsrence frequencies are somewhat lower than
the true frequencies,s 10-cell representation of the Wave Equation
on an analog computer will provide solutions within the dosirea
accuracy limits, In terms of a spring, a 10-cell representation will
produce solutions for consecutive tenths (10%) of wire length,

The analog computer solution for Spring A (Figure 8)
compare: fsvorably with that obtained by use of the graphical method
(Figure &),

When an analog computer 1is solving a system of differential
equations, the internal voltages are analogous to the displacements,
velocities, and accelerations and they are proportiocnal to the
individual dynanic forces exarted on all cell elements. The dynamic
stresses between any two points may then be recorded (Figure 9) as a
function of time,

The motion of the first coil may be readily changed from a
ramp function to & repetitive trianguler wave by simply introduc.ng
an electronically operated switch to change the velocity of the first
coil at pradatermined displacemants. The surge wave propagation for

this condition is showm in Figure 10,
23
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S8ince the boundary conditions considered in the previous
instances are not representative of practical weapon applications, 2
more realistic condition was considered, i.e., an impulsive force
applied to a .245 pound bolt. The resulting propsgation of the surge
waves is showm in Pigure 1l.

In any real spring system, the surge waves are eventuslly
damped out. Internal hysteresis and boundary reflection loases,
along with friction batween strands in multistrand wire springs,
introduce the damping factors. Since these factors havs never been
evaluated, they are not cousidered in the dasigning of a aspring.
The analog computar progran msy be readily axtended to consider
viscous, coulomb and boundary reflection damping. A study may then
be performed to dafine the damping parameters thersby providing the
spring designer with accurate design data,
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FIG. 4
GRAPHICAL SOLUTION for SPRING A
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FIG. 6
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SURFACE DEPENDENCE OF MAGNETOSTATIC MODE LINEWIDTHS
IN YTTRIUM TRON GARNET

GEORGE R. JONES
HARRY DIAMOND LABORATORIES
WASHINGTON, D, C.

I. INTRODUCTION

Magnetic materials that are electrical insulators have many
useful applications to electronic devices. The properties of one such
ferrimagnetic substance, yttrium iron garnet (YIG), make it particu-
larly interesting to microwave technology. Some of the uniaque prop-
erties of this material have made vossible a wide variety of micro-
wave devices that are useful to many differing military systems. A
particularly important property is that well-prepared single-crystal
epecimens of YIG have exceptionally narrow ferromagnetic resonance
linewidths at microwave frequencies. The Harry Diamond Laboratories
has contributed to the development of applications of this material
and to studies of the fundamental physical processes underlying its
useful propertiec.

The particular study that is reported here represents one
phase of a detailed study of factors that influence the ferromagnetic
resonance linewidth. The degree and method of surface preparation
have been found to influence greatly the observed resonance linewidth
of epherical specimens of YIG. It wars found that irregularities in
the sample, either on the surface or distributed over the volume
provided a means by which energy was coupled from the ferromagnetic
resonance mode to a large number of degenerate short wavelength spin-
wave states, after which the magnetic excitation energy in these spin-
waver wac dissipated by other processes. It was not until recently
that detailed measurements of the sample surface made possible a
quantitative test of the degenerate spinwave theory as applied to
surface irregularities (1). The behavior of the uniform precession
mode of ferromagnetic resonance alone was considered.

The obrerved linewidths of the magnetostatic modes (2) did
not appear to be related in an orderly manner to the magnetic
properties or to the surface irregularities. The purpose of this
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work was to determine what additional factors were required in an
adequats description of the magnetostatic mode linewidths, It was

found that substantially the same process as in the uniform precession

takes place, but that consideration of the configuration of the
fields associated with these modes is required to provide a general
theory of surface dependent linewidth broadening of magnetostatic
modes by degenerate spinwave scattering,

II. ™EORY

The surface dependence of the magnetostatic mode linewidths
is associated with a transfer of energy via surface irregularities
from the resonant mode into degenerate spinwave modes, Once in the
form of spinwaves, the energy 1s dissipated by other processes, The
transfer of energy from the resonant mode appears as loss mechanism,
thus the resonance line appears to be broadened.

Both the magnetostatic resonance modes and the spinwaves are
solutions of Maxwell's equations coupled to an equation for magnetic
motion., The equation of motion is linearized by restricting it to
small excitation of the resonance, The separate behavior of the
magnetostatic modes and the spinwaves is developed in the choice of
appropriate approximations,

The magnetostatic mode description was developed by
Walker (2), Dipolar fields resulting from the termination of the
magnetization at the surface are significant in determining the
resonant frequency of the mode, Since the sample is small compared
to the wavelength of ordinary electromagnetic waves at the regonant
frequency, the magnetostatic approximation can be used: Curl H=o0,
The lowest order mode of this system, the uniform precession mode,
was explained much earlier by Kittel (3). The wave functiorsused
here are those for spherical samples given by Fletcher and Bell (4).
The observable magnetostatic modes are deseribed by functions that
vary slowly over the sample,

The spinwaves are magnetic waves of very short wavelengths
compared to those of the ordinary electromagnetic wave of the same
frequency (5). The dispersion equation for classical spinwaves
was derived by Polder (6) and the properties of exchange, a quantum
mechanical effort, were inserted later, These semiclassical spin-
waves are described by a similar dispersion equation, The wave
function for these spinwaves are given by Auld (7) and are used
here in order to include the exchange effects, The dispersion
equation, plotted in fig, 1, is useful to show schematically the
relationships between the various waves, The long waves, with
small k, correspond to magnetostatic modes and are observed as
discrete resonances, The short wavelengths correspond to spinwaves,
The extremely short waves, associated with very large k, are the
exchange dependent spinwaves,
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Magnetostatic modes are coupled to spinwaves by the dipolar
fields that result from termination of the magnetization at the ir-
regular surface. Perturbation theory expansions of the effects of
the irregular surface include two first order terms. These correspond
t0 the dipolar field associated with termination of the static mag-
netization and the magnetization associated with the resonant mode,
Both cases are treated in detail in an earlier paper (1).

The calculated surface dependent linewidth is given in
eq. ().

(pH) o (4mM)

surface 32 X
(2n/r7)2

W('IE)S RSB im(r,e,cp)l2 kSB dep

X {%(u”*n”) 5
| K%+ [ (4r )/ (2H) 1/2+ (40 ) /(20) ]

res r

+ et fag o208 c08 (1osing sing)®stn?s x_ W) In(r,0,60 2 (1)
-~ o)
i (Sin9+u/h%?in¢)2 + cos g coszw

where w(i’) is a spectrum function resembling a power spectrum., It
is derived from a Fourier analysis of the surface in the two dimen-
sional surface wave vector ks. The integration over Eg is restricted
to values corresponding to propagation of spinwaves ks‘g k . M
is the saturation magnetization of the material, r is”the Palius 8f
the sphere, The transverse magnetism associated with the resonant
mode is m(r,e,:p).2 The angular frequency of the resonance is g and

= y[H + (D/h)X"] in which y is the gyromagnetic ratio, H is the
magnetic field in the material, D is the exchange parameter and k is
the wave number of the spinwave where k /k = sin g in bgth integrals,
The Zeeman energy integral ccntributes 5 = [ Im(p,0,2) © dv.

The linewidth calculation, Eq. (1), requires an evaluetion of
the surface spectrum function W(i?). This is obtained Ly performing
a Fourier analysis of the surface, Experimental data (1) have
shown that certain surface preparations allow considerable simplifi-
cation. Incompletely polished spheres (0.5 to 2.0 cersted line-
widths) have per~n analyzed with an interference microscope, Insertion
of the spectrum function, thus obtained in Eq. (1), showed that the
integral corresponding to static dipolar fields was negligible. The
integral corresponding to pericdic fields could be written as a prod-
uct of two separate integrals,
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4mM .
5 — : (
(AH)surface 2 = 1 r’s dk W(ks) } I(w, Ms) (2)
(2n/r7)2Z
where
I(w,M ) = rde ' lcosﬂ COSep (L+sine 51n¢) sin el m(r 9:¢)F
w, Mg

(sin g + w/wr sin @2 + cos® ;] cos® o

Numerical evaluation of I(w,M ) was made by automatic computer at
the National Bureau of Standa¥ds. The integral over ks reduced to
a single number describing the surface.

The surface dependent linewidth, however, is not & complete
evaluation of the linewidths as observed. In addition to coupling
by the surface irregularities, crystal imperfections distributed
throughout the volume of the sample may provide additional coupling
to the degenerate spinwaves (8), Loss mechanism by which the mag-
netic energy is transferred directly to noniagnetic excitation of
the sclid may prove significant, Observations by Nemarich (9)
indicate, nevertheless, that when such contribution is important,
the dlrect relaxation process is observed to be nearly 1ndependent
of other parameters at a particular frequency; thus, it is constant
for a set of magnetostatic modes at one frequency. The several
linewidth contributions are additive and the general linewdith may
be written

(aH) = (aH) + (aH) + (8H)

total surface volume direct’

III, RESULTS AND CONCLUSION

Observations of the linewidths of a number of the magneto-
static modes were taken from a report given by R. L. White (10).
Because detailed surface measurements were not available, an appro-
priate value was obtained by means of a best fit by least squares
of three components: (aH) the surface linewidth, (ai)
where a similar volume 1rreg£f§r1ty constant is selected
(aH) .. the linewidth component constant for all modes The
firs%lcoe}f1c1ents depend on the magn2.0s . :tic mode, but in
differen® ways because of differences in the nechanlsm by which
they occur.,

Xolume

The calculated linewidth contribution of degenerate scatter-
ing by volume-distributed inperfections was negligible. The other
two parameters were found to be typical of sindiarly prepared
spheres (1), Comparisons with two sets of data are given in
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figures 2 and 3, These linewidths are obtained from one sphere

in two different orientations and they are treated independently.
The pairs of points for each mode show very good agreement between
linewidths conforming to the theoreiieal model and those observed,

The close conformity of the observations to theoretically
expected behavior indicates that the semiclassical degenerate spin-
wave model adequately accounts for the seemingly erratic behavior of
the magnetostatic wmode linewidths., In addition, one interesting
possibility lies in a potential method of determining the extent
to whiczh a given specimen may have its resonance narrowed by
polishing without the need of actual final polishing. This would
be based on the relative linewidths of several magnetoststic modes
observed while the sample surface is still in an unfinished state
of polish, '
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Fig. 2 Calculated and Observed Linewidths of Low Order
Magnetostatic Modes: (100) Axis Magnetisation.
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A NEW GRAVITY METER

HENRY P. KALMUS
HARRY DIAMOND LABORATOR.::
WASHINGTON, D. C.

JHE _NEW METHOD

For the absolute determinution of gravity, methods employing
Kater's reversible pendulum are usually employed. Relative measure-
ments are made with pendulum or spring type gravity meters. Pendulum
observations are time consuming and the equipment is bulky. An sccu-
racy of 1 part in 10° is obtainable. Spring type gravity meters de-
liver fast and easy to make readings with an accuracy of 1 part in
10-8, but the meters have to be compared frequently with pendulum
type instruments.

The unit of accgleration due to gravity is the gal where
1 gal = 1 cm per sec*, Hence, 1 g = 980 gal.

The change of gravity with height gives us a physical picture
of the required accuracy.

gptag(1-4

g is the sea lavel value

h is the altitude in meters

R is the earth radius (6370 - 109m)

for h = 3m, we obtain a reduction of g by about 1 milligal.
Hence, if we 1ift the gravity meter from the floor to the ceiling of
a room, the instrument should give a definite reading.

A new method for the determination of gravity will be described
which is rapid and easy to apply and still has a sensitivity of at
least 1 mgal. After the instrument has been calibrated once, meas-
urements are repeatable without further calibration. It is hoped
that future advances in the art will make a sensitivity of .1 or even
.01 mgal feasible. The method should be applicable at sea and in air
planes because the output of the instrument is obtsined as an AC volt-
age, the average of which can easily be obtained by iategration.

a1




w-‘qmﬂmw - -
a

KALMUS

The acceleration due to gravity is continually compared with
centripetal acceleration by means of an AC null method wheredy a
single transducer {s exposed to equal pressure amplitudes from g
and from the centripetal acceleration. In this way, the transducer
characteristic is rendered non-critical.

In figure 1, a long arm with length r; is shown, rotating around
A with angular velocity w; and carrying at its end a mass ). Around
m) two short arms with length r2 are rotating with wy and -w2 rela-
tive to the first arm, carrying masses my. A strain gage type trans-
ducer T is inserted in the long arm, genérating a voltage proportion-
al to the radial stress existing in the arm. The axles through A and
B sre horizontal. The rotations are produced by motors and maintain-
ed st constant angular velocities.

Let |w,| bv equsl to |wy|. This means that, while the lcng arm
performs one revolution, the short arms revolve once around the long
arm. As shown in figure 2, the phase of the revolutions is adjusted
in such a way that, for the long arm pointing vertically up, the two
masses m, are together at their highest point. While the long arm
points vertically down, the two masses are again together and point-
ing upwards.

One can guess intuitively how the system works: For the long arm
pointing up, gravity compresses the transducer. For the arm pointing
down, gravity expands the transducer. The centrifugal force, however,
works just in the opposite direction. The long arm is lengthened by
the short arms in its up position and shortened by its down position
so that the centrifugal force expands the transducer more in the up
position than in the down position. For a certain value of m; and

and for a certain w = w; = wy, complete cancellation of the AC
output occurs so that g can be determined by measuring w.

The transducer together with a high gain amplifier and detector
asre used as a nu)l indicator. Only two elements have to be controlled
with high accuracy, namely w and rp. This will be explained later
after the equations of motion have been established and after an
error analysis has been performed.

ANALYSIS

The design as shown in figure 1 is just one special arrangement.
In order to keep the treatment as general as possible, it will be
assumed that w, # w2. The problem is defined by the determination
of the acceleration of a particle P on a moving curve. This accel-
eration is the resultant of: a; - the acceleration of constraint;
a3 - the relative acceleration (found as if the curve were at rest);
ag - the vtoriolis acceleration (twice the product of the relative
velocity of the particle along the curve by the angular velocity of
the curve); a, - the acceleration of constraint of any point P on a
moving curve is the resultant of: 8,, - the acceleration of point A

4
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around which the curve rotatoa;"la - re? from P to A, due to the
rotation of AP about A; 3,3 - perpendicular to AP,

Assuming that only one mass is rotating and further assuming
that w, a:d wy are uniform and that all elements are rigid (no bend-
ing of the arms), we can determine the radial acceleration along r;:
(the centripetal mccelerations are assumed positive for directions
towards A and, for t = O, the initial position of my is at its high-
est point).

For mass m: &) = 0
)2
a9 = 0
4

]

wla(rl + rg cos wat)

"

w2(r, + rp C08 wat)
022 Ty CO8 wot

= 2-; W cos wpt
wer ¢ (wl + w,)z rg COS Wat

» »
he R 7
n

For mass mj: a, = a = wlz r) (12 =0 , ag= 0).

For two masses m¥ counter rotating, the Coriolis term ag dis-
appears because of mutual cancellation of the two accealerations. Ne

obtain for end my':
"2 "2 & = 012 r, + (012 + 022) ry cos wat.

It is interesting to show that, if radial acceleration is considered,
the function of two counter-rotating masses m? is equivalent to the
. .

function of a single mass 2m,, swinging radial'y along the large arm
with sinusoidal motion as shown in figure 3.

8 2 Trg COS uwpt | $ = - Wy Yo Sin Wt = - m22 Ty COS Wot.
Because we assume the acceleration towards A is positive, the rela-
tive accelaration of 2m, is: 2

82 = wp® ra cos wpt.
Hence: a)) = 0; a3 = wlz(rl + rg c0s wpt); a)3 =0 ;
ag = m22 rog cos wpt: a3 = 0: ap = ulz r, + (012 + wzz) rg cos wot.

This is the same value we obtained before for two counter-rotating
masses.

We are now ready to write the equation for the radial force in
our idealized (nmot bending) system.

The sign for the forces directed outward from A are assumed to
be positive. F, = 2-2[012 r, + (012 + waz)rz cos wpt]+ m 012 r,
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-(ml + 2%) g cos wlt = rm + Fc + FG.
In figure 4, F, is plotted versus time. It consists of three sarts:

Fpc+ @ constant force, F. at frequency % and F at frequency # .

Fne and F. only would exist if the axes were vertical. Fg is caused
by qrnvit?. For clarity, it is assumed that w; < wq- The value of
gravity could now be determined if Fc is compared with Fg. In order
to compare two voltages with different frequencies, however, recti-
fiers are necessary. In addition, the same transducer sensitivity
would'be required for w, and wy. These drawbacks can be avoided by
‘making w) = wg s0 that the transducer is driven by two periodic
forces with the same frequency and the same amplitudes with opposite
phases. A real null method can nox be applied for the measurement of
gravity.

If w=w; = wnr and if only AC voltages with the frequency'i%
are derived from the transducer, we obtain:

E=K[4m u? r9 - (m + 2mp) g] cos wt (1)
K is the voltage produced by the transducer per unit force. For
E = 0, we obtain:
L
(Iﬂl + 2n|2)

r is measured in cm and w in radians per sec.

We can now determine the required accuracy of the components for
a non-bendigg system. If g has to be measured with an accuracy, of
1 part in 10%, m), my, and rg have to be stable to 1 part in 100.

@ has to be controlled to one part in 2-10% because @ =208, 1t
should be noted that the g-reading is independent of r,. Mr a non-
rigid system, it will be shown that r; has to be controlled to 4
parts in 10,000.

For a g of 980 cm/secz. the equation supplies also the correct
relatjon between wy, ro, m; and my:

w2r2=245'_"l_+_2_"'2
m

For the design of the instrument, the foliowinq constants will be
chosen: r; = 30 cm, r9 = 10 em, w= 27 - 10 = 62.8, m; = 159 grams,
m = 1 gram.

JHE BENDING OF THE LARGE ARM

Because the new method is based on the comparison of two AC-
veltages, their waveforms should be as free from distortion as possi-
ble. This is indeed the case if all elements of the apparatus are
rigid. 1In a practical machine, however, bending of the arms will
occur, causing phase-modulation of the angular velocity. Again, in

order to keep the equations as general as possible, it will be assum-
ed that w; and wy are not equal.
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The moment of inertia I of the total system changes periodical-
ly with frequency ;% because of the rotation of the small arms. The

angular momentum tends to remain constant so that w; will be modu-
lated with frequency o&. If the motor would drive the lowng arm

through a heavy flywheel and if the shaft between flywheel and arm
were not flexible, the arm would be driven with essentially uniform
velocity.

Now, the flywheel and the unflexible shaft can be replaced by
an arrangement as shown in figure 5. By extending the long arm to
the other side of the main bearing and by rotating two additional
masses as shown, the angular momentum will remain constant.

For 2 small magses as shown in figure 1:
(w11)2m2 =w * 2m (rl2 + r22 + 2r) ro cos upt).

For 4 small masses as shown in figure 5:

2 2

(wll)4m2 = w * 2m (rl2 + 12° + 2r) rp cos wpt + 1 + rgz-

2r, ry cos wyt). Therefore: (w11)4,,,2 =W e 4m2(r12 + rzz).

It can be seen that the angular momentum is constant. We can assume,
therefore, that the long arm is driven with the uniform angular ve-
locity w,. Due to the wy rotation of the small arms, tangential
forces on point B are produced, bending the long arm periodically
with an angle excursion y and causing a new angular velocity w(t)

of B. Neglecting second order effects, w(t) will be a sinusoidally
phase-modulated wave. The tangential acceleration is caused by

the Coriolis term (ag). a, = -2w; wp ro sin wyt

The acceleration is assumed to be positive in clockwise direction.
The force acting on the long arm is: F¢ = +2u! * 2w) wg rg sin wot.

F, can also be computed by deriving the torque which is the time
derivative of the anguliar momentum w,I. The torque acting on the
system is:

T=-4m w) wp r) rp sin wpt.
Hence, the tangential force acting on B is:

Ft=}1;'=4"2”1“2r2 sin wot.
For: my = 1 gram, w = W) = wg = 2T ¢+ 10 and rg = 10 cm

F,"** = 158000 dynes = 160 gram force.

Assuming that this force acts on a beam with a length £=20¢cm
(2/3 or r}), the bending angle y can be computed. A beam with

rectangular cross-section (a = b = 3) is assumed although a tubular

45
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design with similar stiffness will proglbly be chosen for a practi-
cal design. The deflection: 5
n=i:,&.?i‘tl=a-10‘ cm.

E is Young's modulus (2 106 l(q/cm2 for steel)

Y =i = 1.5 10°° radians.
Actually, the bending angle will be smaller because the constant
centrifugal force jncreases the effective stiffness of the beam.
A value of y = 102, however, will be assumed for further computa-
tions in order to accommodate any additional bending which may be
caused by the transducer mounting. Hence, the long arg is periodi-
cally bent back and forth with a maximum angle y = 107 radians. The
phase angle of B is: ¢ = w;t + vy sin wyt

w=gt = W +wpy cos wpt

THE _TORQUE EXERTED ON THE SMALL ARMS

The torque exerted on each short arm is caused by accelerations
of my, perpendicular to ro. The only term to be considered is a)9g,
the acceleration of m> due to its rotation around A. There is no
perpendicular component of the terms as and aj.

Figure 6 shows the vector diagram.
& sin wpt
)2 = “1‘ sin wp sin ("’2 - ml)t ' ” R 5in (5;— ml)t '

2 sin mzt
1 sin (0)2 - ﬂl)t

l'-‘p = -ap My = -My Wy t'l sin Wot.
For mgp = 1 gram, w; = 2r + 10 and ry = 10 cm.

Fp'"“ = 39500 dynes = 40.5 gram force.

The torque T™X = Fp + rg = 405 gram cm.

This value is so low that the bending angle of the small arm can be
neglected. Still, the torque has to he considered for the design of
the motor, driving the two small arms so that excessive periodic
phase excursions can be avoided. Second order effects caused by &
are so small that they do not have to be considered.

E BENDING OF THE LARGE ARM ON THE RADIAL CENTRIFUGAL
FORCES

It was shown before that, because of the Coriolis acceleration,
the angular velocity of B is not uniform. Hence, in order to com-
pute the radial forces with g-eater accuracy, w, has to be replaced
by w(t). w=w + wy vy COS wyt.

The analysis of u&‘ riqig system has lgd to the equations:
For masses my: a w, 7y +(o)1 + @y°)rg cos wnt.

2

a9 = i 8p = 812 sin (wp - wy)t = w)°r) sin wgt;

AG
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For mass m s

= w.&
.r:t.- WI rl-

Replacing W; by w we obtain:

For masses :
m2 a;'_'2 = rl('”lz + mzzyacoszwzt + 2(0102-ycos W2t) +

+ 1'2(«:12 + uoz’wzeoszmzt + 20,wyy uzt)cou "yt +

+ ro mzz cos ﬂzt.

Because: sinza - % ] .E.Qlé.h : 00'2’, - % +u'.'2h ; 00,3":&9]?& +

g—%u ; .?2 = rl(wlz + * azz yz +% uzzyzcos eyt + 2«;1‘2\( .2t) +

ra(wlz cos wot + % nzzyz cos Jumt + % 022 yz cos wopt +

W ey + Wy cos 2wpt) + ro(wy? cos wot).
The DC term: r) w12 +!l- r '22 y2 + T e Wy
The term at the fundamental frequency:
cos wpt[ry (w2 + wy?) +% ry w2 v2 + 2r) @) wy vl
At the second harmonic: cos 2«:2t(% r ng Y2 + Ty W) Wy v).

At the third harmonic: cos Mt(% ro mzz yz).

For mass my:
n,.] = rl(wl2 + mzz yzcos2 wpt + 2w wy y cos wot).

a?l = rltjwl")“ + % '»22 Y2 + % m22 y2 cos 2wyt + 20, Wy Y COS Wat).
The DC term: 1 mlz +% r) w22 -Yz.

At fundamental frequency: cos wpt(2r; w, wy y).

At the second harmonic: cos Zuzt(% r) 022 yz).

Neglecting all terms containing Y2' we {inally obtain the radial
forces: (radial forces are assumed to be positive in outward direc-
tion).

Fpc

Fap

(m; + 2my)r, w12 + 2m r9 W) Wy v.

cos wpt[2my ry ("’12 + "22)+(2'“1 + 4my)r; w) wp v].

a
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Fz.z = cos 2wat(2my ro w; wy v).

Fpc and Fa.z are rejected by frequency selective means. For

®=w =Wt Fr;x'-' " my ro + 2u>2(2m2 +m) oy

For m; = 159 gram, my = 1 gram, r; = 30 cm, Ty = 10 cm and y = 1075,
the second part of this expression is 400 times smaller thap the

first part. Hence, for a required accuracy of 1 part in 109, the
second part has to b: kept stable with an accuracy of 400 parts in

10° or 4 parts in 10®. This means that if the bending of the large
arm is considered, r; and y have to be kept within four parts in
10000.

F THE E_ARM ON THE R RAVITY FORCE

It has been shown that, for the rigid system, the gravity force
is: Fg = (m + 2my) g cos w,t

'g = g coz ¢ (t).
It was also shown that, for the system with the bending arm:
W= +uwy cos wt
t
¢(t) = [ wit = @t +y sin wpt.

ag
because: cos (o + p) = cos o cos B - sin o sin §;

ag = glcos wt cos (y sin wpt)-sin wjt sin (y sin apt)]

cos (y sin apt) = J (y) + 2J5(y) cos 2wyt + 2J4(y) cos 4upt +
sin (y sin wpt) = 2J,(y) sin apt + 273(y) cos Jupt + ...

(Ja(y) is the Bessel function of the first kind of the nth order. vy
is the argument of the Bessel function in question).

85 = g(Jo(y) cos wyt + 2Ja(y) cos wyt cos 2wyt - 2J)(y) sin w)t sin
Wt - 2J3(y) sin et cos Jwyt]
because: cos o cos B = # [cos (o - p) + cos (o + B)]

sin o sin B =3 [cos (@ - B) - cos (o + B)]

g cos (wyt + vy sin wpt).

ag = g [Jo(y) cos wyt - Jylydcos(w) - @)t + J (y)cos(w + wp)t +
+Ja(y)cos(w) - 2w)t + Ja(y)cos(w) + 2wp)t - Jzlylcos(w; - 3wp)t

Aee
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For a small argument, the following upproxiu!tionl can be_made:

Jo(y)=1-*:31(y)=§; Jz(y)=%—:33(y)={-a-.

Only the fundamental AC component of the transducer voltane is
utilized. The bending of the arm producga a reduction ot this volt-
age by the factor J (y). For ay of 107, this reduction is

2 -10
%f = 197-' and represgents an error in the reading of gravity of 2.5

parts in 1011,

Hence, the bending of the long arm will practically not modify
the transducer output. As shown before, this output consists of a
wave with a frequency of 10 cps. (w=w, = “2)‘

THE NT

Figure 7 shows a schematic design of the apparatus. The small
masses m2 and m3 are carried by two thin aluminum disks. For the
control of speed theae disks support on their periphery a magnetic
recording signature of 100,000 waves. Assuming a radius of 11 cm,
the circumference of theadisks is 69 cm. The recorded wavelength
is, therefore, .69 - 10" cm, a value which is actually used in
good recorders. The disks are driven by two motors M and N' with
10 revolutions per second. Two magnetic heads H and H' are arranged
on the long arm.

The speed control of the long arm is carried out the same wsy.
A disk D with magnetic recording on its rim is coupled to the arm.
Magnetic head K is employed to pick up the recorded wave. Hence,
while the disks rotate with 10 rps, the heads will deliver waves
with a frequency of 1 Mc/sec. Disk D carries an additional mag-
netic signature on its surface which produces in the magnetic head
L a wave with a frequency of 10 cps. The long arm together witl.
disk D are driven by motor N.

Figure 8 shows a block diagram of the servo-loops. Motors M
and M' are slaved to motor N by comparing the waves from K with the
waves from H and H' in the phase detectors P and P'. Whenever M or
N' advance or retard with respect to N, a positive or negative volt-
age is developed in P and P'. These voltages are employed in the
motor control devices MC and NC' to produce exact speed and phase
synchronism between N and M and MN'. The slaving operation could,
of course, be performed mechanically. It is, however, believed that
an electronic system is more exact and has the advantage that less
weight has to be supported by the moving parts.

The 10-cycle wave derived from transducer T is used to control
the speed of motor N. Inspecting equation 1, it can be seen that
the expression for E consists of two parts: The centrifugal wave
and the gravity wave, For E = 0, their amplitudes are identical

AL
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and, if @ is measured, g can be determined. If w is too high or

too low, the phwae of E will be either 0° or 180° compared with the
phase of the gravity wmave alone. This phase reference is delivered
by transducer L. The amplified wave from T is compared with the
output from L in the phase-sensitive rectifier Q. If its output

is positive or negative, N is speeded up or slowed down by action of
motor control NC.

Finally, the 1 Mc wave from the magnetic head K is compared
with the output from a master clock CL in the mixer MI. The
difference frequency is measured in the counter CC. Because

and assuming that the master clock delivers 1 Mc and that

fa -

®
é\is frequency corresponds to a certgin g, a deviation of g by 1
milligal will produce a beatnote of 4 cps. Observation of this

besatnote for a period of 10 seconds should be sufficient to deter-
mine the exact value of the beat-frequency.

Actually. it will take longer to perform a measurement of g.
The output of T will contain a certain amount of noise due to an
unavoidable amount of dearing-roughness so that the bandwidth of
amplifier A has to be restricted. The same effect can be achieved
by introducing a low pass filter after the phase-gensitive detector
Q. Whichever method is used, the time of response of the instrument
will be increased. If the instrument is used on a periodically
accelerated platform, additional integration networks have to be
applied after Q.

Variations of the torque that the motor N has to deliver are
reduced by extending the long arm to the other side and by the addi-
tion of 2 more motors for the rotation of two additional small mass-
es as explained before. These motors are driven in phase-synchro-
nism with M and N°'.

Figure 9 shows the transducer mounting.® It is very important
that the transducer should respond only to radial forces. It should
be as insensitive as possible to any lateral stress of the arm. The
long arm consists of parts 1 and 2. They are connected by means of
thin flexible membranes 3, permitting free radial but impeding
lateral motions. The transducer is connected between part 1 and 2'
which is connected to part 2 by » flexible part 4. Part 2' can
again be subdivided into parts 2", 2™, etc. This way, a "filter"
is formed, eliminating any undesired bending of the transducer by
a tilting action of part 2.

The alignment of the instrument, i.e., any deviation from the
horizontal, is not critical. Let us assume that the instrument is
tilted about the axis of the large arm by an angle . The centrifu-
gal wave will now be phase shifted by o with respect to the gravity
wave. A phasor diagram is shown in figure 10. It is assumed that
for correct alignment P = K 4mp rg = K(m; + 2m)g. (See equation

® Suggested by NMr. B. M. Horton.
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1). After the two waves have been compared in the phase sensitive
rectifier Q, an error vothqugl will be produced which is propor-

tional to P(l - cos @) = P For an accuracy of 1 part in 106.
AE has to be kept smaller than P - 10"6. Hence:

P ; <P 10'6 and ¢ < *f! . 10'3 radiant.

This means that o has to be smaller than 25 arc seconds, an adjust-
ment which can easily be performed by conventional means.

The author wishes to express his appreciation to
Mr. H. A. Dropkin and Mr. Arthur Hausner for their assistance
in developing the analytical model.

He also acknowledges the stimulating discussions with
Mr. B. M. Horton which were invaluable for the development of
the new system.
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KANT and STRAUSS

THE MAXIMUM DISSOCIATION ENERGIES OF DIATOMIC MOLECULES
OF TRANSITION ELEMENTS

Part I. Upper Limits for Titanium, Chromium, and Manganese

ARTHUR KANT and BERNARD STRAUSS
U. 8. ARMY MATERIALS RESEARCH AGENCY
WATERTOWN, MASSACHUSETTS 02172

INTRODUCTION

The dissociation onergies for most of the homonuclear diatom-
ic molecules (dimers) of the main group elements‘'!:?! (periadic
groups) IA to VIIA and groups IB and IIB are known. The dissociation.
energies of the main group dimers when plotted against atomic number
(Figure 1) ‘1) show a periodicity which allows for approximate estima-
tions of dissociation energies of unknown dimers within these groups.
However, no dissociation data has been reported for the transition
elements and no empirical or theoretical means of prediction of the
energetics of these molecules are currently available,

A consideration of the equilibrium between a solid element
and its vapor shows that the ratio of dimers to atoms in the
vapor will increasse with temperature if the heat of sublimation of the
element* is greater than the dissociation energy (bond energy)' of the
corresponding dimer. For if H  is the heat of sublimation and D, the
dissociation energy, then the heat of reaction for the process Mts)
+ M(g) = Mg(g) is H, - Dy; the equilibrium constant is P /P, (P, and
P, are partial pressures of monomer and dimer respectivefy); an
3 1n (P,/Pl)/a T « (H, - Dg}/RT so that P,/P, increases with tempera-
ture if H "> D,. Kant!3) flas shown that the heat of sublimation is
greater tﬂan the dissociation energy for all elements forming non-
molecular crystals. Table I is a summary of available data and it is
seen that all the metallic elements, with the exception of arsenic and
antimony, possess a positive H - Dy.  Neither of these elements has a
metallic crystal structure and it is a reasonable deduction from this
table that the gaseous phase of all metals will be largely polymeric
(dimers and perhaps higher polymers) at sufficiently high temperatures.

*Process M(s) = M(g): M is the element and s and & refer to solid and
'gas respectively.
Process M,(g) = 2 M(g).
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TABLE I
Heat of Sublimation - Dissociation Energy
H. had Dz - A H=
AH" Dz" AH‘.
| ___Group Flement kcal/mol aton kcal/mol koal/sel
A L 38.4 26.08) 12.4
Na 26.0 18.0.¢) 8.0
X 21.$ 12.0(g) 9.5
Cs 18.7 10.0 8.7
B Cu 81.1 46.1 as
Ay 88.4 37.5 31
Au 8.7 52.0 a3
1A Mo 36.0 7.1 27
Ca 42.2 5.5 a7
IIB ) 31.0 5.8 27
cd 27.0 2.0 25
Hg 15.0 1.4 13.6
IITA B 141.0 697 72
Al 78.0 4607 32
Ga 65.0 322 33
In 57.0 232 34
Tl 43.0 14 29
IVA ¢ 171 143 28
Si 104 74 30
Ge 80.0 66.5 24
Sa 75.0 46 26
P 46.8 23 24
VA As 69 90.8 .22
sb 63 69 -6
Bi 48 46 2
Transition Ni 101.3 s7(dg ) 44

*Values from Reference 4.
**Values from Reference 1 unless othervise noted.

Accordingly, we are attempting to identify the dimers of the
transition elements and estimate their bond energies by using a com-

bination of Knudsen equilibrium effusion techniques with mass spectro-
metric analysis at high temperatures. In this paper, the first cf a
series, the results for titanium, chromium, and manganese are des-
cribed. Although no diatomic molecules of these elements have been
found, from the limits of detectability of our instrumentation an(
statistical thermodynamics it is possible to establish their maxim..
dissociation energies.

EXPERIMENTAL

The measurements were obtained with a time of flight mass
spectrometer. Figure 2 is a schematic representation of the effusion
cell and high te.aneratu.'e source assembly. The effusion cell was a
tantalum crucible containl-z a thoria liner in which the metal sample
was placed. This liner was used because of its relative chemical
stability toward the metals under investigation. Both the tantalum

&€
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crucible and the thoria liner had 1 mm holes in their covers. The
holes were designed in such manner (¢, Figure 2) that the perimeter of
the hole was effectively of zero thickness. The crucible was heated
by electron bombardment. Two 8-mil tungsten filaments were used for
this purpose, each forming a semicircle on the side of the crucible
opporite that on which the optical pyrometer was sighted in order to
minimize reflection of light into the pyrometer. One filament was
placed in the upper half of the crucible (above the cover junction)
and the other filament in the lower half. The filaments were main-
tained at a fixed desired level of about 800 to 3000 volts negative
with respect to the crucible, and the elesctron emission from each
filament could be varied independently by varying the current through
each filament.

Temperature measurements were made by sighting an optical
pyrometer alternstely on two blackbody holes (1 mm diameter by 5 mm
depth) located on the upper and lower halves of the crucible. Light
from the blackbody holes passed through a plane Pyrex sighting window
prior tn impinging on the optical pyrometer. Temperature corrections
for the window were made by prior calibration against a Bureau of
Standards calibrated lamp with and without the window in the path of
the light. The correction increases with temperature, being about
+ 20°K at 2000°K and + 30°K at 2500°K. The window was provided with a
magnetically operated shutter so that the corrections did not vary
during a run as a result of deposition of material from the hot sur-
faces. It was found experimentally that by using two filaments (upper
and lower) it was possible to adjust the current in each filament so
that the temperatures of the upper and lower blackbody holes were as
close as desired. By making the upper and lower blackbody hole tem-
peratures the same, temperature gradients in the crucible were mini-
mized. The temperatures recorded are the mean of the upper and lower
holes. A maximum difference of 0.5% of the temperature (°K) was con-
sidered acceptable but in most cases the temperatures of the holes
were as close as could be read on the pyrometer (+ 3° at 2000°K).

The ratio of surface area of the metal sample to that of the
effusion cell hole was kept high (approximately 100) in order to
establish equilibrium within the crucible. Unless the value of the
sticking coefficient (fraction of molecules or atoms that strike and

stick to the metal surface) is exceptionally low, equilibrium will be
attained in the crucible.

Molecules effusing from the cell hole pass through the l-mm
water jacket slit (a, Figure 2) and beam-defining source slit (b,
Figure 2) and then through the electron beam of the mass spectrometer.
The intensity or ion current of the particular species under investiga-

tion of the ions thus formed is recorded by means of standard
techniques.

To insure that the ion current for a particular mass origi-
nated in the crucible, the crucible was moved by means of a brass
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bellows-micrometer arrangement so that the molecular beam no longer
impinged on the mass spectrometer electron beam., The heating filament
posts and filament move with the crucible so that little temperature
perturbation of the crucible occurs during the motion. The ion cur-
rent resulting from a particular species originating from the crucibdle
is then determined from the difference of the ion currents when the
beam is in the ON position (crucible centered) and in the OFF position.
Temperatures were read simultaneously on the optical pyrometer. The
fact that a lateral displacement of the crucible of approximately 1 mm
decreases the ion current inteansity to sero shows that the species
under investigation actually originate from effusion through the l-mm
crucible hole.

The presaure in the volume surrounding the crucible is mein-
tained between 10°% to 10°7 mm of Hg. This insures that the molecules
in the molecular beam suffer no deactivating collisions and allows, as
described under "Calculation", for the estimation of partial pressures
of the species under study from their recorded ion currents.

As a check on the apparatus the existence of Ag, was con-
firmed and its dissociation energy determined. A value of D(Ag-Ag) of
37 t+ 4 kcal/mol was obtained, which is in agreement with that of the
literature, (1.9

CALCULATION

The molar free energy of an n atomic molecule M, 1n terms of
its partial pressure and partition junction Q, is given by (3)

F, * -RT 1n QKT + RT 1n P, ¢ H? (1)

where H? is the heat content of M, at absolute zero. The dissociation
energy D9 (D3 = 2 H} - H)) of the "diatomic molecule at absolute zero
may be oﬁtained by equat1ng twice the molar free energy of the monomer
to the molar free energy of the dimer. The regult is in kcal/mol

Dg T3/3 yi/2
S o0e FF - 108 Pi*1og(Py/P)+log "‘—T'-’los -f-log ve2.8247  (2)

where P the pressure is in millimeters of Hg,, end
Pz' P1 = pressure of dimer, monomer in Knudsen cell

M = mass of monomer in atomic mass units

r = interatomic distance of dimer in angstroms

€2 8, ® electronic partition function of dimer, monomer 1
v = vibrational partition function of dimer -|1 - exp. -'Ta:)]

T » temperature, °K in Knudsen cell

w = vibrational frequency in wave numbers (cm-!)
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The partial greasure of the monomers is taken from the data of Stull
and Sinke. (4) The ratio of pressures P,/P,, provided the molecules in
the beam suffer no deactivating collisions, may be obtained from the
known relationship between pressure in the Knudaen’ce%l and ion inten-
sity in the mass spectrometer !%) and is Py/P, = (I3/I1)(0,/oq) (74/7)),
where I3/I! is the ratio of ion intensity of dimer to monomer in the
mass spectrometer, o,/c, the ratio of ionization cross sections, and
Yo/7, the ratio of multfplier detection efficiencies. For a mono-
isotopic element the ion intensity ratio is directly measured from the
observed ion currents of the dimer and monomer. Otherwise the ratio
is calculated from the ion currents of a particular monomer and dimer
mass, determined mass spectrometrically, using the known isotopic
abundances and the fact that the mass distribution of the dimer is
random. Although Otvoe and Stevenson's {}9) theoretical estimate of
ox/a, is 0.9, experiments indicate that the ratio is expected to be
between 1 and 0.5%) and the ratio 7,/7, varies between 1 and the

y2. (8)  Accordingly, a value of unity is chosen for the product ratio
and P,/P, is taken equal to the I3/I} with an estimated uncertainty of
a fac{or of 2. This leads to an error in D? of 3.3 kcal at 2400°K and
1.7 kocal at 1200°K. The maximum ion intensity ratio is estimated from
v.io limits of detectability of the dimer (i.e., from the noise level
of .he recorder, the minimum signal that can be ascertained is deter-
mined at the mass position of the dimer) and the observed intensity of
the atomic specie. The electronic partition function of the latter is
salculated from the known atomic energy levela. ‘41) The molecular
constants, vibrational and electronic partition functions, as well as
the interatomic spacing for the ground state, must be estimated since
the molecular Tiz, Crz, and Mn, are unknown. Interatomic distances in
diatomic molecules do not differ much from crystal spacings of the
corresponding element and Pauling's (%) estimates of single covalent
radii are for known molecules good to a few percent. In any

case the error arising from this source is not expected to be more
than 0.5 kcal and thus is negligible. Vibrational frequencies were
taken as 1.25 times the Debye frequency of the corresponding metal
crystal. A comparison of Debye frequencies and known symmetric dia-
tomic molecule frequencies showed that the factor 1.25 gives somewhat
better correlation than a grevious assumption of approximate equality
of these two frequencies. (}3) Frequencies calculated by Badger's

rule (14) are within 25% of the Debye calculated values. Anuncertainty
of 30% in the estimated fraqusncies corresponds to an uncertainty in
the dissociation energy of approximstely 1 kecal.

An inspection of Equation 2 shows that the maximum calculated
dissociation energy occurs if the diatomic molecule is in 1T atate.(18)
Provided thet there are no low-lying electronic molecular states that
contribute to the partition function® the lowest maximum dissociation
energy that can be calculated involves a molecular state of A > 0

*It is expected that degenerate ard closely lying atomic levels will

be widely separa‘ed because of the large electric field at amall
internuclear distances.
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(smltiplicity of 2) and maximum spin. The meximum spin occurs when
one electron from each atom is paired in a single bond and the remain-
ing electrons fill the 4 shells of each atom in the molecule according
to Hund's rule. Higher spins are possible if promoted electrons in
the 4p or 449 shell exist in an unpaired manner but such states are
considered improbable. According to these considerations, the electron
configuration of the d shell of each atom (nonbonded part) is 349, 343,
and 3d% for Ti, Cr, and Mn respectively and the corresponding molec-
ular states of maximum multiplicity are A, 1A, and A (A > 0).

RESULTS AND DISCUSSION

The upper limits to the dissociation energy for both 1% and
the maximum multiplicity molecular states are given in Table II along
with the data and molecular constants used in their computatiun. The
gosition of these transition dimers in the fourth period based on a

Z state is also shown in Figure 1. It is perhaps improbable that the
ground state of molecules of this type would be singlets end a maximum
value between those given for both limits is to be preferred. An
upper limit of 40 kcal for dissociation energy of chromium based on iz
state has been reported previously.

Reference to Table I shows that the difference betweesn the
heat of subli-ation and dissociation energy AHr is almost constant for
many of the main and subgroups of the periodic table. The average
differences for the various groups are: IA, 10; 1B, 3%; IIE (excluding
mercury), 26; IIIA (excluding boron), 33; and IVA, 26. It is also to
be noted that the AHr for most of the elements in Table I, except for
the alkalis and boron, is between 25 and 40 kcal/mol, while the cor-
responding values for Ti, Cr, and Mn are much higher, being greater
than 68, 51, and 45, respectively. Work currently being done in this
laboratory!®) indicates that the dissociation energy (calculated accord-
ing to Equation 2 and assuming a 1% molecular ground state) of Ni, is
57 kcal/mol yielding a AHr of 42 kcal/mol. The larger difference for
these transition elements results from the relatively high stability
of the transition element solids (large heats of sublimation).

TABLE II

Dissociation Fnergies, Data and Molecular Constants

Maxisus Disseci-
Noaoser Pu" cuunﬂ-n‘u-
Vaper w {kogl/®9])

T rature Pressure|Electronic r Maxivve
Elesat| (Sea K | 1317 | (sa) | State | e ket v |(a)] % [mitiplicity
Ti 2451 |3.8x10°9] 0.73 "% [is.28] 391 | s.es[2.e5[s8.1] es.2
cr 1900 [3.m0°% o.27 g 7 | «00]s.02]2.34)e3.8] 310
[ 1500 :.mo“l 0.87 g s a0 | 3.52fa.0¢)21.3] 13.4
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Verhaegen ¢t al ') have shown that a, the ratio of the heat
of sublimation to the dissociation energy, H /D°,falls into three
categories: Category 1, 0.5 a s 1.0 cons!at ng of the elements of
group VA (83p? outer electron configuration), VIA (s3p4), and VIIA
(s%p3); Cate%ory 2, 1.2 < a < 2 consisting of elements in groupegI%
(s3), IB (alVsl), IIIA (s%p!, Ina is 2.5, Tl « is 8), and IVA (s%p?);
Category 3, a 2 5 consisting of elements in group IIA (e?) and IIB
(d19%2?), Category 1 consists of molecules forming, at least in part,
molecular crystals, and category 3 consists of elements which, because
of the s? configuration form very weak diatomic molecules (either
promotional energy is required to form a binding state such as slp} or
the low bond energy results from Van der Waal forces). Category 2
consists of all elements forming nonmolecular crystals and having
available bonding electrons in the ground state. The heat of sublima-
tion of titenium, chromium, and manganese are 113.3, 95.3, and 67
kcal/mol, respectively, and the corresponding minimum a's are 1,93,
2.2, and 3.2, so that at least the latter two elements and probably
titanium do not belong to Category 2. Nickel, ulthou%h a transition
element, is in Category 2, having an a value of 1.75.'3) It is inter-
esting to note that this value is very close to that of copper
(a = 1.78(30),

The following model of binding qualitatively explains the
limited results thus far obtained for the dissociation energies of the
transition element, It is assumed that the dimers are single tonded
and that bonding arises from overlap of an 8 electron from each atom.
The ground state electron configuration for the first group of transi-
tion elements is 3d®-24s? (with the exception of chromium which is
3d®-143) and the lowest lying state above the ground state has a con-
figuration 3d*-l4s from which bonding is assumed to arise. States
involving the configuration 3d*-14s4p are of much higher energy than
3d%-14s, The lowest lying level for the configuration 3d*°l4s is,
according to Hund's rule, a state in which the 8 elsctron is aligned
parallel to the remaining unpaired electrons in the d shell. Bonding
theory (17) shows that in the binding state (valence state) the bonding
electron spin must be random with respect tu the spins of the remain-
ing electrons. Thus the valence state is a state consisting of part s
spin parallel to remaining spins and part antiparallel, the parts
being weighted in such manner as to make the spin of the bonding
electron random. Moffet {17) has shown how to calculate valence states.
In the case of the configuration 3d*°l4s the result is particularly
simple since in altering the spin of the s electron the total orbital
mcmentum number L does not change and it is found that the random
state is simply a mixture of the s parallel and antiparallel case
weighted according to their spin multiplicity. As an example the case
of manganese is considered. The ground state configuration is 3d%s?
with a level designation %S, The promoted configuration is ad'ia, the
lowest state of which is %D (s spin parallel to remaining spins) and
the corresponding higher state of antiparallel spin is ‘D. The energy
of the valence state above the ground state is then 3/5(E'D)o 2/5(E‘D)
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where Eq, and E4p are the energies of these states above the ground
state, ?n Table III the ground state, the promoted states, the
valence states, and their corresponding energies are listed. The
values are taken from Moore's Atomic Energy Levels. {11)* The disso-
ciation energy is, in terms of the valence stete energy E, , ,

Dy = (Dy),,,.~2 E, ,.» where (Dg), _ 1is the dissociation energy of
tﬂe dimer £o'atoms'in the valence state (process M, = 24, . ,

AE = (D,), ,.). It should be noted that the treatment given here is
aonowht% similer to that used by Griffith{1®) in correlating cohesive
energies of transition elements.

The dissociation energy to atoms in the valence states cor-
responds to the energy to break an s bond. Thus nickel with a valence
state energy of 3 kcal/mol atom should have a dissociation energy of
only 6 kcal/mol leses than for s bonding, while the manganese dissocia-
tion energy should be 112 kcal lower than for s bonding (i.e., if any
bonding for manganese exists it would, according to these assumptions,
be due to Van der Waal forces). The maximum dissociation found for
manganese (12.0 to 21,0 kocal) and the dissociation energy of Ni [57.0
(3Z), or 50.0 (3A)] are in agreement with predictions from this model.
The nickel values correspond to an s bonding energy of 63 to 56
kcal/mol which may be compared to the dissociation energies of the
somewhat similar molecules of Cu,, Ag,, and Au, (atomic st:-es 3d}%s,
4d1%s, and 5d1%s; E, < 0) of 46, ‘38, and 32 koal/mol respectively.

T4#BLE II1
Valence State Energies for Configuration
3d*-l4s
'7&?::1:1}}?' Antiporallel vg;:.
p - a2 | D ose | b 0.7 | sePmreizaiin) 3.0
| Ce Walil) | & 10.0 ¥ n.s | wsdnandn | o
Fe abdn) | ¥ 20.0 % u.0 | sadrvenach | 26.0
- 3%2%) | B ©.0 % 6.0 | s/soreassidp) | se.o0
cr 3454 (’s) s 0.0 S 22.0 | 11271051125 9.0
v wal'r) | H 6.0 ) 2¢.0 | sass®;ysass(';) | 13.0
T 322 | ¢ 19.0 ¥ 3.0 | ssadmesndn | 2.0

*Spin orbit coupling is negligible in computing valence states. The
lowest spin orbit term J was taken as the appropriate energy. Other
choices give valence state ensrgy differences which are insignificant.
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From the known dissociation energies of AuCr (30.4 kcal/
mol ¢49)) and of Auy (51.3 keal/mol), it is possible to mske a rough
estimate of the dissociation energy of Cr, using Pauling's relation-
ship between electronegativity X and diuooiation snergies.

(AuCr) = 1/2 [D, (Cry)-D(Au,)] + 23.06 [x, . (Cr)
- x(AL)]’ where the v.s. subacr{pt rerera to ghu valence state (sub-
scripts for Au and Au, omitted because Au valence state is the same
as ground atnto) It is readily seen tran the relationships D(AuCr) =

(AuCr) - (Cr) and D(Cr ) ry) - 8!: [(Cr) that D(AuCr) e
[ﬁ(ﬂr ) * D(Au 11+ 23.06 [x, '. l ¥ electronegutiv-
{ties’are estimated by Pauling's mthod“ ) x . (I )/130 where I

and E  are the ionization potentials and electron utnnhiao in koal
reapectively. The electronegativity values, obtained using Moore's
Tables {11) for ionisation potential and sssuming E, 0, are X,

(Cr) = 1.12 and X(Au) = 1.63, and the estimated dissociation onem of
Cry is D(Cr,) = 37 koal. This is in agreement with our meximum
value. Chromium bonding energy should be 18 koal (Table III) less
than for the valence state bonding energy which thus corresponds to
55 koal/mol. This is not far different from the corresponding d®-ls
bonding for nickel and copper of approximately 50 koal, and points to
the possibility that the dimers of the transition element msy have
approximately the same valence state bonding energy. It is evident
that the remaining Group I transition elemesnts (Cu, Fe, and V), pro-
vided the model is approximately correct, should have rather low dis-
sociation energies and thus dimers will be found only at temperatures
substantially higher than used in the present work.
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Figure 2. EFFUSION CELL AND NIGN TEMPERATURE SOURCE ASSEMBLY.
a. Water jacket slit; b, Beam defining slit; ¢. Tantalum
crucible, thoria liner, and blackbody holes; d. Tantalum
radiation ahields; s. Mass spectrometer housing; f. Mass
spectrometer ionizing electron beam: ¢. Filament susporting
post (tantalus): N, Water cooled Jacket: i. Micrometer -
bellows arrgngement; j. Nigh temsarature assembly pusping scrt,
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THE REIATION BETWEEN CILOUD CHARGES PRECIPITATION
AND LIGHTNING DISCHARGES

HEINZ W. KASEMIR
U. 8. ARMY BLECTRONICS RESEARCH AND DEVELOPMENT LABORATJRIES
FORT MONMOUTH, NEW JERSEY

An extensive thunderstorm research is carried out by
USAELRDL as "In-House Laboratory Director's Program" which, in col-
laboration with "cloud physics and cloud modification experiments”,
aims to correlate the meteorological and the electricsl features of a
thunderstorm in a qualitative and as far as possible quantitative way.

To obtain an adequate set of data of the electric condition
of an individual storm from a ground aetwork, the following idea was
pursued: The electric field of a lightaning discharge, vhich is easily
measured at the ground, will reflect the statiouary field of the
cloud charges inside the thunderstorm. Each lightning flash may be
considered as a probe vhich senses the stationary field alorng its
pat.. Therefore the records of thes lightning discharges vill furnish
a series of flashlight pictures of the electric condition as it
dsvelops during the life cycle of the storr.

First it vas necessary to develop a theory, which links
together the different electric paramsters ~f a thundarstorm such as
precipitation charge, stationary electric fields, and lightning dis-
charges. This theory serves a dual purpose. It determines the physi-
cal quantities to be recorded and hereby helps %o plan an effective
measuring network, and it shows how the recorded data shall be evalu-
ated to obtain basic electric quantities, vhich cannot be measured
directly. As this theory deviates from and in some respect even con-
tradicts the present idsas of the mechanism of the charge generation
{in the thundercloud and the lightning discharge, it seems wortavhile
to formulate and discuss it as a separate entity even though the
experimental part of the research is not yet completed.

1. CHARGE DISTRIBUTION IN THE THEUNDERCLOUD

Investigations of the electrification of precipitation
started as early 28 1885.(1) Since then, a steady stream of theories
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(2-9) on the charge generrtion in thunderstorms has been proposed and
discussed. None of them explains all of the different observations
on thundorstora electricity; and objections have been raised from
different points of view such as polarity, charga-gensrating powver,
efficiency of liquid as well as s0lid precipitation, laboratory
experiments, and meny otbers.

There is general agreemint that the thunderstorm hss o
positive polarity, meaning that the main positive charge is located
in the top and the main negative charge in the bottom of the thunder-
cloud. Delov the negative chargs exists a smaller positive-charge
pocket. This tripolar charge distribution is clearly dspicted in
the thunderstorm model of Simpron and Robinson (1) /Fig. la). Other
models bave been proposed by Schonland (11), Wichmann (12), and Vonne-
eut (%), as shown in Figs. 1b, ¢, and 4, respectively. The first
three models (a, b, and ¢) are besed on charge separation by precipi-
tation, and the last model, 4, on charge separation by convective air-
currents. The positive polarity of the stcrm is common to all of
them, but they differ from each other in the shape, site, and arrange-
ment of the individual charge centers.

The anount of charges for the positive and negative main
chaxge center is given by Simpson and Robinson as +24 coulombs and
=20 coulombs. Schonland assumes the values of 140 coulombs. The
author (13) calculated w positive charge of +60 coulombs and a nega~
tive charge of -340 coulombs for the main charge centers.

The striking difference between these values results from
the fact that Simpson and Robinson as well as Schonland calculated
the cloud charges from messured field dats according to the electro-
static theory, while the suthor besed his calculation on the theory
of current flow. This introduced the conductivity A of the cloud and
the surrounding air as a deciding factor in the thunderstorm theory,
made it possible to connect the cloud charge Q and the conduction cur-

rent I through the simple relationship Q = + I with each other (¢ is

the dielectric constant) and, as Tamura (20) has shown, explains the
mystery of the recovery curve. (The recovery curve is the rapia
regeneration of the electric field after a lightning flash to its pre-
flash value.) The larger amount of the negative cloud charge makes

it easier to understand that a thunderstorm is eble to produce light~
ning dischargss vhich destroy each 20 coulomd of the cloud charge
every 20 seconds on the average without exhausting itself.

2., THE CLOUD DISCHARGE

If the charge accumilation in the thundercloud reaches such
8 value that the generated electric field exceeds the dreakdown value,
a lightning discharge will occur. It is not necessary that the break-
down value of the field extends over the entire distance of the flash.

It 1 sufficient vhen this value is surpassed in a small area, vhich
€8
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ve may call the starting point of the flash. This and other features
of the lightning discharge can be easily deduced from Figs. 2a, D,
and ¢c. In the thunderstorm model (Fig. 2a), two equally large spheres
are placed one above the other. The upper sphere is filled with posi-
tive charge and the lower sphere vwith negative charge of the same
amount and of constant dsnsity. PFigure 2> shows a gxeph of the
potential function @ (solid line) through the center of the model
against altituds h, The fielA F = -4/ is represented by the dashed
line. The maximum field strength Fpey is at the midpoint between the
sphexres. This will be the starting point of the flash. HNear the cen~-
ter points of the spheres, the field strength F pesses through the
value zero (marked F = O in Fig. &) and reverses its sign on the way
further up or down. A lightning flash, vhich starts at Fpg, and grovs
upvards and dovnwards, will find sn adverse field for further growth
alter passing through the centers of the space charges. The lightning
will stop growing vhen the field strength at its tips no longer
exceads thes breakdown value Fy,. The ocorresponding potential value of
#, (Fig. ), defined as the Adifferen s between the lightning poten=
tial and that of the potential function § at the location of the
lightning tips, is given by the approximate formula (1h4)

§=2.5m° P (1)

An important conclusion can be drawn from Figs. 2a and b.
The lightaning flash, represerted by the heavy vertical line in Fig. &,
wvill never reach the ground. The field strength at *he tip will be
less than the breskdown value vhen the tip reachess the hase of the
cloud. The lightning will remain a cloud discharge. A ground dis-
charge cannot be gsnerated by a chargs distribution such as given in
Fig. 2a., To produce ground discharges, the lower positive space charge
has to be yresent, as will be shown later. Therefore, if thunder-
storms are recorded which produce only cloud discharges, a charge dis-
tribution in the cloud es given in Fig. 2a can be assumsd.

The lightning channel can be considered as a conducting rod
exposed to the electric field generated by the cloud charges. Therxe-
fore, influence chargas are induced in the upper and iower ends of the
channel of opposite polarity to the cloud charges. This would be foi:
a cloud flash negative influence charge at its uppar end, and positive
at its lower end. The nat charge of & cloud flash is zero and its
polarity is negative.

The charge per unit length q on the lightning channel is
shown in Fig. 2 (dashed line). It is the mirror imege of the poten-
tial function @ with regard to a vertical line representing the
lightning channel. An approximate formula (14) connecting ¢ and ¢
is given by
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Q= -c @ (2)

The proportionality factor ¢ can be interpreted as the capacity per
unit langth of the lightning channsl. It has the approximate value

of 25 x 1012 p/a (24).

It may de worthwhile to point out some differences between
the commonly used concept of the lightning dischargs and that developed
here. In general, it is assumed that the lightning flash staxrts in
the centar of, say, the negative spece charge. By the development of
a large nstwork of fine streamers, the lightning collects the cloud
discharges and transports tasm along its channel, either to the ground
(gxound dischargs) or to enother space-charge center of opposite
polarity (cloud Aischarge). The lightning stops if the supply of cloud
charge is exhaustcd. After the completion of the flesh, the cloud, as
well as the lightning chennel itself, is discharged.

In the concept proposed here, the lightning starts between
tvo charge centers, vhere the electric field has a maximm value.
(m the center of the space charges, the field would be approximstely
zexo.) The direction of charnel growth is up as well as Aown upder
the influence of the field. The lightning does not collect cloud
charges, and therefore it is not necessary to introduce s hypothetical
network of fine streamers. There is only a separation of ions and
electrons in the highly ionized lightning channel itself to build up
the necessary influance charges. The concept is that of an uncharged
conducting rod exposad to an elsctric fisld. The lightning flash
stops, not because the cloud charges are exhausted, but because the
field strangth at its tips does not exceed the breakdown value. After
the lightning stopé, the lightning channel is filled with influence
charges. Each half of the channel carries influence charges of ¢)po-
site polarity to the surrounding cloud charges. The net cbarge of the
vhole channel is zero. After the cloud flash is completed, a slow
noutralization process begins vetween the influence charges of the
lightning channel end the surrounding cloud charge of opposite polari-
ty. Only this process should rightly bYe called the discharge of the
cloud hy the lightning.

3+ THE GROUND LISCHrRGE

If wo add the lower positive charge pocket to the positive
and pegntive main charge canters, ve obtain the charge distribution of
the Simpson-Rodbinson thunderstorm model. This is showan in Fig. 3,
side by side with the corresponding potential function § in Fig. 3b.
We see that two areas with strong electric fields exist, mariced sc and
sg in Fig. 2. The upper one, 8¢, is the starting point for cloud
discharges, and corresponds to the point Fgoy in Fig. &. The lower
one, 8g, is due to the presence of the positive pocket charge and is
the starting point for ground discharges. In & similar manner as the
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cloud flash, ths ground flash grows
8ides until its lower end reechos the
if the field strength Fy, at the lowver
equal to the breakdowa field, or ¢ - greater then
(see Fig. 3b), vhere §} is the potent

and @, the potential of the ground. breakdown field could not
bemgntuimdonthmtnnl lower tip, the lightaing
would stop growing and end up as an air discharge. The equation

fL-fomfom25am =-T.5x 100 V/n (3)

gives the minimm potential difference against ground, vhich the
leader stroke of a ground flash zmust have to reach the ground. In
EQe 3is set fh = 0: Fyy = = 3 x 100 V/m,

{

its starting point to Voth

o This will happen only
ip remains greater %ban or
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It 1is sasy nov vo imagine the conditions for the charge
distribution of a thunderstorm that produces predominantly ground Adis-
charges and fev or no cloud discharges. They are as follows: 1) The
upper positive chargs center should be weak, 2) the lower negative
charge center should be strong, and 3) the lower positive pocket
charge should exist. Figure 3c shows the potential function of such
a charge distribution.

If the lower end of the lightning channel wouches the
ground, the lightaing will assume ground potential foe This is accom-
plished during the phase of the mein, or return, stroks. With rsspect
to the h -« @ graph in Fig. 3b, it means that the thing channel
(beavy vertical line) shiits to the right from the to the value.
The new position and the new charge distribution (broken line) are
shovn in Fig. 3d. We see that after the completion of the meain stroke
the lightning channel carries, on its upper part, a large amount of
positive influence charge, and on its lower part a smaller amount of
negative influence charge. The net charge on the channel is no longer
zero, but poeitive. This means that during the main strolke the chan-
nel has acquired positive charge from the ground or that negative
charge has been conducted into the ground. The amount of this charge
Qn is represented in Fig. 34 by the rectangular hatched axsa. It can
be easily calculated from the capacity ¢ of the channel and the
potential difference §) - §, before and after the main stroke.

Q@ =c (f - %) (4)
If we assume that the length of the channel is L im, that
the capacity per unit length has the previous of 25 x 10~12 F/n,

and #) - fo has the minimum value of - 7.5 x 10° V, we obtain for the
minimum charge brought to earth by the first main stroke Quin = =0.75
coulomb. This value may have to be doubled or tripled according to
number of branches of the considered lightning flash, es each

ranch would increase the capacity. But even so, the value of Qmin
the right order of magnitude, as compared to measured dats avail-
in the literature. This is a remarkable result insofar as
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inply any dats from the thunderstorm. For successive main strokes in
s multiple flash, the value of Quin Would, in general, be lower
because the breakdown field in the pre-ionired channel is lower, and

length added to the channel by the considered multiple stroke
has to be taken into acoount.

Each successive leader mein stroke sequence will extenld the
channel higher up or sideways into the cloud until the vhole negative
charged area of the cloud is penetrated by the flash. Therefore,
ground discharges vith & lar